To assess their effects on susceptibility to retapamulin in Staphylococcus aureus, first-, second-, and third-step mutants with elevated MICs to tiamulin and other investigational pleuromutilin compounds were isolated and characterized through exposure to high drug concentrations. All first-and second-step mutations were in rplC, encoding ribosomal protein L3. Most third-step mutants acquired a third mutation in rplC. While first-and second-step mutations did cause an elevation in tiamulin and retapamulin MICs, a significant decrease in activity was not seen until a third mutation was acquired. All third-step mutants exhibited severe growth defects, and faster-growing variants arose at a high frequency from most isolates. These faster-growing variants were found to be more susceptible to pleuromutilins. In the case of a mutant with three alterations in rplC, the fast-growing variants acquired an additional mutation in rplC. In the case of fast-growing variants of isolates with two mutations in rplC and at least one mutation at an unmapped locus, one of the two rplC mutations reverted to wild type. These data indicate that mutations in rplC that lead to pleuromutilin resistance have a direct, negative effect on fitness. While reduction in activity of retapamulin against S. aureus can be seen through mutations in rplC, it is likely that target-specific resistance to retapamulin will be slow to emerge due to the need for three mutations for a significant effect on activity and the fitness cost of each mutational step.
The pleuromutilin class of antibiotics are protein synthesis inhibitors that target the large subunit of bacterial ribosomes (4) . Biochemical analysis (6) and subsequent cocrystallization studies (9) have shown that pleuromutilins inhibit the peptide bond formation reaction and bind the peptidyl transferase region of ribosomes. Resistance to pleuromutilins due to ribosome mutation has been demonstrated in a limited number of organisms. Early studies with Escherichia coli mapped resistance to tiamulin, a semisynthetic pleuromutilin, near the closely linked rplC (encoding ribosomal protein L3) and rplD (encoding ribosomal protein L4) genes (2), which Bosling et al. (3) later showed was due to mutations in rplC. Pringle et al. (7) demonstrated that resistance to tiamulin in Brachyspira spp. is due to mutations in rplC, rrl (encoding 23S rRNA), or both. Isolates with the highest level of resistance possessed three mutations, two in rrl and one in rplC. More recently, KosowskaShick et al. (5) reported that multiple, serial passage resistance selection of Staphylococcus aureus in the presence of retapamulin (see below) selected for single and double mutations in rplC.
Although used for veterinary applications, no pleuromutilin has been developed for human use. Due to the emergence of resistance to existing antibiotics, a new generation of pleuromutilins is being developed for treatment of human disease, the first of which is retapamulin for topical use. S. aureus is an important skin pathogen against which retapamulin is particularly effective in vitro. The purpose of the study reported here was to determine if target-based resistance to pleuromutilins can be generated in S. aureus and, if so generated, what the in vitro activity of retapamulin against the isolated mutants is. We found that, while a reduction in susceptibility can be generated in the laboratory at a low mutation rate, the magnitude of this effect on MICs remains fairly small and is associated with a reduction in cell fitness.
MATERIALS AND METHODS
Strains and culture conditions. Resistant mutants were generated in the common laboratory Staphylococcus aureus strain RN4220. Cultures were grown in brain heart infusion, when high cell density was desired, or LB medium. MICs were determined by following CLSI methodology (8) .
Drug exposure and isolation of first, second, and third mutants. To generate and isolate spontaneous S. aureus mutants with reduced susceptibility to pleruromutilins, an overnight culture of S. aureus RN4220 (in brain heart infusion medium) was plated onto an LB agar plate containing 1.0 g/ml tiamulin. Colonies that arose were then patched onto an LB plate (no drug) and, after 16 h at 37°C, replica plated onto LB agar containing 1, 5, 10, and 20 g/ml of tiamulin.
To isolate second-step mutants, an overnight culture of the first-step G152D L3 mutant (2 ϫ 10 9 CFU total) was plated on LB agar containing 10 g/ml of tiamulin. Colonies were recultured on plates containing 10 g/ml of tiamulin to verify resistance.
Third-step mutants with a further reduction in susceptibility to tiamulin could not be generated when selected at 20 g/ml. To isolate third-step mutants, the second-step mutants were plated with 5 other pleuromutilin compounds at 2 times their respective MICs. All colonies that arose after extended incubation were replated on media with each compound at the selective concentration to confirm resistance.
PCR and sequencing. Genes targeted for sequencing were amplified by PCR using PCR Superscript High Fidelity (Invitrogen). Primers used are described in Table 1 . PCR was carried out by adding a single colony to the enzyme-primer mix. After a 5-min denaturation at 94°C, 30 cycles of 30 s at 94°C, 30 s at 48°C, and 2 min at 72°C were carried out. PCR fragments were purified on QIAGEN spin columns and sequenced using the same primers used for the amplification.
Marker rescue of G144R G152D D159Y triple mutation. The primers L3regupsma and L3regdownsma were used to amplify the region around rplC from a mutant encoding the G144R G152D D159Y triple mutation. The resulting amplicon was inserted into the S. aureus-E. coli shuttle vector pCU1 (1) and ultimately electroporated into S. aureus RN4220, selecting for the plasmidencoded chloramphenicol resistance. The resulting plasmid carrying strain was grown on LB agar containing 1, 5, or 10 g/ml tiamulin alongside RN4220 (pCU1) as a control.
Reversion analysis of third-step mutations. All of the third-step, most highly pleuromutilin-resistant mutants grew very slowly on all media tested. To isolate faster-growing variants for analysis, single colonies of each mutant grown on LB agar plates supplemented with 20 mg/ml tiamulin were streaked on LB agar plates without supplementation. After greater than 3 days at 37°C, fast-growing variants arose for most mutants tested. At least 2 fast-growing colonies from each mutant were purified on LB agar and subjected to MIC and sequence analysis.
RESULTS
Isolation of resistant mutants. S. aureus mutants spontaneously resistant to tiamulin were readily isolated. From approximately 5 ϫ 10 9 CFU plated, about 100 CFU formed on LB agar supplemented with 1 g/ml tiamulin. From this batch, 50 colonies were purified and further characterized. The tiamulin MICs of these mutants ranged from 2 to 4 g/ml. rplC was amplified via PCR and sequenced. Three different mutations in rplC were identified which led to G155R, D159Y, or S158L changes in the L3 protein (Table 2 ). Previous work in-house and elsewhere (5) identified S158L, G152D, and an in-frame deletion of residues 151 to 153. These mutations, therefore, define a region of L3 capable of causing decreased tiamulin susceptibility in S. aureus.
As mentioned above, a previous study (unpublished) identified a strain carrying the G152D mutation (see also reference 5). Concurrent with the first-step mutant isolation experiments, second-step mutants using this mutant as the parent were selected. After 3 days on LB agar with 10 g/ml tiamulin, 14 colonies appeared. Upon regrowth, all colonies grew on plates containing 10 g/ml of tiamulin, while none grew on plates containing 20 g/ml of tiamulin. MICs for tiamulin against the second-step mutants (tiamulin MICs, 16 g/ml) were 64-fold higher than that obtained for the wild-type strain RN4220. The rplC gene of each isolate was amplified and the sequence determined. All strains possessed one of two additional mutations in L3: D159Y (n ϭ 12) or G155R (n ϭ 2).
Repeated attempts to isolate third-step mutants by plating the two second-step mutants on higher concentrations of tiamulin failed. From these experiments, it was estimated that the frequency of third-step mutants to tiamulin is less than 1 ϫ 10 Ϫ10 . To see if further resistance to any pleuromutilin compound could be generated, representative isolates carrying the two second-step mutations were plated with 5 different pleuromutilin compounds at 2ϫ their MIC. After 5 days, resistant colonies arose on one plate. Given that all second-step mutations arose in L3, the obvious first characterization of the third-step mutants was to sequence the rplC. Eight of the 11 strains possessed a third mutation in L3. Seven of the eight possessed the same three mutations, G152D, G155R, and D159Y. One strain acquired a new mutation, G144R, while the remaining three did not have an additional mutation in L3.
MIC analysis of mutants. Tiamulin MICs against the thirdstep mutants were Ͼ256-fold higher than those determined for the wild-type strain (Table 3) . To investigate the effect of L3 mutations on S. aureus susceptibility to retapamulin, the antibacterial activity of retapamulin was determined against the mutants isolated in this study (Table 3) . Retapamulin inhibited first-step mutants at concentrations of 0.25 to 0.5 g/ml, dem- onstrating a four-to eightfold decrease in susceptibility against these mutants in comparison with the MIC obtained for the wild-type strain. Against the second-and third-step mutants, retapamulin inhibited these organisms at concentrations of 1 to 4 g/ml, representing an MIC increase of 16-and 64-fold, respectively. The increases in retapamulin MICs for each acquired mutation (4-to 8-, 16-, and 64-fold) were lower than those seen for tiamulin (8-to 16-, 64-, and Ͼ256-fold against first-, second-, and third-step mutants, respectively). In addition, the absolute concentrations of retapamulin required to inhibit each acquired mutant were lower than those seen for tiamulin (0.25 to 0.5 versus 2 to 4 g/ml, 1 versus 16 g/ml, and 4 versus 32 to Ͼ64 g/ml against first-, second-, and third-step mutants, respectively). In addition to determining MICs for the pleuromutilins tiamulin and retapamulin, MICs of various antibiotics with diverse modes of action were also determined. MICs for chloramphenicol, tetracycline, levofloxacin, and mupirocin were unchanged in the mutants tested relative to their wild-type parent.
As mentioned above, 3 third-step mutants did not acquire a third mutation in L3. These isolates, designated 2A1-1, 2A1-7, and 2A1-8, are presumed to have an unmapped mutation or mutations at a locus other than rplC. MIC analysis of these mutants (Table 4 ) reveals no changes in MICs for compounds other than pleuromutilins, indicating that the unmapped mutation(s) are specific for pleuromutilins.
Marker rescue. As noted above, some third-step mutants lacked a third alteration in L3. This raised the question of whether the resistance exhibited by rplC triple mutants was solely due to the observed changes in rplC and not due to mutations elsewhere on the chromosome. To test this, the mutant rplC encoding the G144R G152D D159Y change was chosen for a "marker rescue" experiment. The gene with 1.0 kb of flanking DNA was amplified and cloned into the S. aureus-E. coli shuttle vector pCU1 (to make the plasmid pCU1-G144R G152D D159Y) and introduced into S. aureus RN4220 by electroporation. The resulting strain was then streaked on LB agar containing tiamulin. While no resistant colonies arose from RN4220 carrying pCU1 alone, several colonies appeared from the strain carrying pCU1-G144R G152D D159Y. These colonies were purified on 1 g/ml tiamulin, and MICs were measured from the resulting isolates. Of 8 isolates tested, all were resistant to tiamulin (MICs, 32 to 64 g/ml). Also, all were susceptible to chloramphenicol, indicating that the plasmid was lost and that the mutations were transferred to the chromosome from the plasmid. Sequencing of rplC from the resulting strains confirmed the presence of the G144R G152D D159Y-encoding mutations. From these results, we conclude that the increased resistance is solely due to the changes in rplC.
Attempts to locate unmapped mutations. An attempt was made to identify the locus or loci responsible for the resistance exhibited by the three isolates that lacked a third mutation in L3. The genes encoding ribosomal proteins L2, L4, L10, L22, and L27 were sequenced due to the predicted proximity of these proteins to L3 or the peptidyl transferase center. None of the isolates were found to possess mutations in those proteins. Finally, domains V and VI of the 23S rRNA genes were sequenced and no mutations were found. Phenotypic and reversion analysis of third-step mutants. For most of the generated mutants, significant effects on growth were noted. As judged by colony formation on rich media, isolates bearing the D159Y mutation exhibited a slight defect in growth. All other single mutants appeared to grow similar to the wild-type strain. A definite defect in growth was noted in isolates carrying the G152D G155R double mutation, while those carrying the D159Y G152D double mutations suffered a severe growth defect, as demonstrated by colonies of approximately 1 mm forming only after incubation on blood agar for 36 h or more. Among the slower-growing colonies, faster-growing colonies often appeared. The third-step mutants exhibited an extremely severe growth defect. Measurable colonies did not form on blood agar until incubation for an excess of 72 h. Over time, as with the D159Y G152D double mutant, faster-growing variants arose randomly. Additionally, the slow growth and instability of the mutants made it difficult to carry out detailed growth measurements.
For most of the slow-growing third-step mutants, faster-growing variants arose at a high frequency. In the case of strains carrying the triple mutation G152D D159Y G155R, three such faster-growing variants were purified, rplC was sequenced, and it was found that each of the three mutants acquired an additional mutation in rplC. Two of the isolates carried the alteration H134N, while the other carried the alteration A150T. MIC analysis revealed that pleuromutilin MICs decreased (Table 3 ). The triple mutant G152D D159Y G144R also grows slowly but is more stable, and fast-growing variants were not isolated.
Just as for the rplC triple mutants above, reversion analysis was carried out on the other type of third-step mutants, those that have 2 mutations in rplC (coding for changes G152D D159Y in L3) and an unmapped mutation or mutations. Based on growth on solid media, these mutants have the most severe growth defect. The isolates 2A1-1 and 2A1-7 yielded a high frequency of fast-growing variants, while none were isolated from 2A1-8. rplC from two variants each of 2A1-1 and 2A1-7 were sequenced, and it was found that the mutation causing the G152D alteration in L3 reverted to wild type. MIC analysis indicated that pleuromutilin MICs decreased to levels similar to the isolates that carry just the D159Y alteration (Table 4) .
DISCUSSION
This paper describes the isolation of spontaneously arising pleuromutilin-resistant mutants of S. aureus. As with other bacteria, resistance was mapped to the gene encoding ribosomal protein L3, rplC. Results similar to ours were reported for S. aureus from multistep passage experiments using retapamulin (5). Kosowska-Shick et al. (5) found that prolonged passage led to an increase in retapamulin MICs and that, in some cases, the increased MICs correlated with two mutations in rplC. Here we report direct observation that a stepwise reduction in pleuromutilin susceptibility occurs concurrently with stepwise acquisition of mutations in rplC. Further, we have found that the accumulation of three mutations in rplC leads to even higher levels of reduced pleuromutilin susceptibility, albeit at a significant cost to the fitness of the organism. We found that the slow-growth phenotype often reverted to faster growth. Analysis of some of the faster growing isolates proved telling in the relationship between the growth defect and pleuromutilin resistance. Fast-growing variants of an isolate with the L3 alteration G152D D159Y G155R acquired a fourth alteration in L3, either H134N or A150T, and also exhibited a decrease in pleuromutilin MICs (Table 3) . Likewise, fast-growing variants of isolates that have two mutations in rplC and an unmapped mutation or mutations reverted both genotypically, having lost one of the two rplC mutations, and phenotypically, exhibiting a decrease in pleuromutilin MICs. In both these classes of mutants, alterations that lead to pleuromutilin resistance cause a decrease in fitness and that any subsequent increase in fitness leads to further alteration in L3 with a concomitant decrease in pleuromutilin resistance.
In addition to the method of isolating mutants being fundamentally different (we isolated spontaneous mutants by direct plating while Kosowska-Shick et al. isolated resistant mutants by passage on sub-MIC concentration of compounds), our studies reported here complement and add to those of KosowskaShick et al. For example, prolonged passage did not lead to and likely would not have led to the isolation of the third-step mutations that we report here given the extremely slow growth rate of the mutants isolated. Without the third-step mutants, the clear correlation of decreased fitness and pleuromutilin resistance would not have been uncovered. Further, the previous work did not formally dismiss the possibility that mutations in genes other than rplC contribute to pleuromutilin resistance. The marker rescue experiments described here show that reduced pleuromutilin susceptibility is directly due to the three mutations in rplC.
We uncovered the existence of an unmapped locus or loci that add to pleuromutilin resistance in the presence of two mutations in rplC ( Table 4 ). The contribution of this locus or loci is mysterious given that reversion of one rplC mutation results in a faster growing and pleuromutilin-sensitive phenotype, likely suggesting that the unmapped locus or loci cannot affect pleuromutilin susceptibility in the absence of two mutations in rplC. A clue to the nature of this mutation is the increase in the tetracycline sensitivity of the triple mutant (Table 4). The triple mutants exhibit increased susceptibility to tetracycline which reverts with the reversion of one rplC mutation. Because tetracycline and pleuromutilins act at different stages of translation and even bind different subunits, a complete analysis of these mutants is out of the scope of this report.
Clearly, the most common laboratory-generated mutations leading to reduced pleuromutilin susceptibility occur in ribosomal protein L3. While first and second mutations do cause an elevation in pleuromutilin MICs, a significant decrease in activity is not seen until a third mutation in L3 is acquired. This was especially apparent for retapamulin, where activity against first-and second-step mutants was only 4-to 16-fold less than that for the wild-type strain and all retapamulin MICs against first-or second-step mutants were Յ1 g/ml. Retapamulin inhibited all third-step mutants at a concentration of Յ4 g/ml.
Given that the frequency of third-step mutants to pleuromutilins is Ͻ1 ϫ 10 Ϫ10 , it is highly unlikely that three successive mutational events would occur in ribosomal protein L3 in S. aureus during therapeutic exposure to retapamulin. While elevated pleuromutilin MICs can be generated through mutations in L3, the magnitude of this effect on retapamulin activity against S. aureus remains fairly low and only occurs at a great VOL. 51, 2007 rplC MUTATIONS AND PLEUROMUTILIN RESISTANCE 2051 cost to cell fitness. Therefore, based on the need for a third mutation for a significant effect on activity, a low mutation rate for third-step mutations in L3, and the fitness cost of each mutational step, it is likely that target-specific resistance to retapamulin will be slow to emerge.
